The principle of balanced holography, introduced in [1] , posits that black hole information is stored in non-local correlations between the interior and exterior. Based on this concept, we propose that black hole information decomposes into elementary units in the form of topological qubits, and is protected from local sources of decoherence. The topological protection mechanism ensures that the horizon of an evaporating black hole stays young and smooth.
A. Introduction
Quantum information can not always be localized. In condensed matter physics, this fact underlies the physical realization of topological qubits and topological order [2] [3] [4] . The simplest example are the famous majorana qubits [2] . The majorana algebra γ 2 1 = γ 2 2 = 1, {γ 1 , γ 2 } = 0 can be realized on a single qubit, via the identification with Pauli operators γ i = σ i . In case the majorana operators γ i are associated with quasi-particles placed at different locations [2] , the qubit is non-locally stored and therefore 'topological protected' in sense that its quantum purity is insensitive to local perturbations.
Although there are many parallels, a black hole is not a condensed matter system. The concept of non-local storage and topological protection of quantum information, however, is likely to be equally relevant and revealing in both contexts.
The black hole information and firewall paradox [5] [6] [7] [8] [9] are quantum information theoretic contradictions following from certain locality assumptions. We introduce the following three space-time regions H : black hole interior or stretched horizon E : entanglement zone, region close to the horizon R : Hawking radiation, region far outside horizon It is often assumed that quantum information is built up from local units (qubits) situated in one of these spacetime regions [8] [9] [10] [11] . This hypothesis indeed holds for most local quantum field theories.
However, as string theory and the information paradox itself demonstrate, the medium by which black holes store and release information can not be fully captured by local QFT. Any plausible mechanism for information retrieval must involve hidden long range quantum correlations. Holographic realizations of black hole space-times, like the gauge gravity duality, indicate that these correlations are coded in the structure of space itself: space represents a highly entangled quantum state, and its uniformity and locality are emergent properties, rather than fundamental principles of the underlying microphysics.
The principle of balanced holography introduced in [1] posits that black hole information is stored in non-local correlations between microscopic interior and exterior degrees of freedom. Here we will show that this information is naturally organized in a form which is mathematically and physically similar to topological qubits. Furthermore, based on this similarity and general arguments, we propose that it is protected from decoherence by local probes. In [1] it is shown how for a balanced black hole state, one can remove the firewall via a universal unitary entanglement swap. The aim of this note is to show that this result is stable under time evolution.
Following [1] , we introduce two types of qubits: virtual qubits, whose state is fixed by microphysical vacuum conditions, and real qubits, which carry the quantum information of the freely chosen initial state. In total, we distinguish four forms of quantum information:
-information hidden inside the black hole region H -hidden microscopic information in the zone region E -virtual QFT modes inside the zone region E -real Hawking radiation in the far away region R In our terminology, quantum field theory modes inside the zone are virtual qubits, and outside the zone they are real qubits. Note, however, that the categories of hidden quantum information are listed as distinct from the latter two. Black hole evaporation involves the transfer of hidden to visible quantum information. The detailed transfer mechanism is still largely unknown. In string theory, it involves the holographic dictionary between microphysical D-brane degrees of freedom (c.f. [12] ) and effective field theory variables in the emergent near horizon geometry. In semi-classical terminology, it involves virtual pair creation and a non-local tunneling process from the black hole interior to the region outside the zone.
B. Topological qubits I
What is a topological qubit? Consider four majorana operators γ i defined by the algebra {γ i , γ j } = 2δ ij . The γ i can be represented on a Hilbert space of two qubits. The 2-dimensional 'code subspace' specified by 
with n ij the Dirac fermion number and α 0 and α 1 some arbitrary complex amplitudes. A topological qubit carries one qubit of free quantum information. We call this the 'real' or 'logical' qubit. The other qubit is prescribed to be in a fixed state by the physical state condition (1). This 'virtual qubit' represents confined quantum information. In proposed physical realizations of topological qubits [3] , the ground state of the virtual qubit in fact represents a many body ground state of a topologically ordered medium, that serves to protect the logical qubit from decoherence [2] .
The decomposition of a topological qubit into a virtual and logical qubit can be made explicit by applying a CNOT operation -flipping the first qubit, provided the second qubit reads out as 1 -to the two qubit state (2) , and writing it as |Ψ 0 = U CNOT |Ψ , where
A topological qubit constitutes a smart form of entanglement: it is neither a random Bell pair, nor a unique entangled state of two qubits. It is balanced right between the two: it carries coherent quantum information, and just enough organized free space to move it around. This property will be important in what follows.
C. Topological Protection of BH Information
In [1] , we introduced the principle of balance holography, which implies that a general state of a young black hole and its environment can be written in the form
Here the sum runs over all the e S bh = 2 N internal states of the black hole. H denotes the interior, and E denotes the entangled environment of the young black hole. Since the young black hole has not yet produced an appreciable amount of Hawking radiation, E predominantly consists of virtual quantum field theory modes and hidden microscopic degrees of freedom [12] situated inside the 'zone', the region between the horizon and the centrifugal barrier. The black hole quantum information is stored in 2 N independent complex amplitudes α i , and this represents N qubits of real quantum information.
Here we propose that the quantum information stored in H and E is protected from local disturbances. We adopt this as a postulate:
Black hole information is protected from local sources of decoherence. As a result, it can not be measured, altered, or mined by local probes inside the zone.
Many body quantum systems in which the ground state sector enjoys this code property are said to be 'topologically ordered' [4] . Physically, the 'topological' protection arises because the energy splitting between the ground states is exceedingly small compared to the minimal energy jump induced by local probes. This applies to our setting. Black hole micro-states have an enormous level density. So if we fix the total energy of the quantum state to lie within a narrow energy band M and M + δM , the black hole micro-state can only be changed (i) actively, via a slow and careful non-local process inside the zone or (ii) passively, by measuring on-shell Hawking radiation after it has escaped the zone. Virtual radiation inside the zone can only be measured by accelerating probes. Just as in Rindler space [15] , such virtual modes are produced by the probe itself, and do not carry microscopic information about the black hole state.
D. Topological Qubits II
In balanced holography, black holes quantum information naturally organizes itself in elementary units, mathematically identical to topological qubits [3] . Indeed, it is easy to convince oneself [1] that the Hilbert space of maximally entangled young black hole states of the form (3) factorizes, to a very good approximation, into the tensor product of N entangled qubit pairs, each spanned by states of the form
where α 0 and α 1 are arbitrary complex amplitudes. The state (4) is maximally entangled if |α 0 | 2 = |α 1 | 2 = 1/2. Indeed, the Hilbert space spanned by N topological qubits of the form (4) is 2 N dimensional.
The majorana representation of the two qubit state (4) is depicted in fig 1. The left majorana pair (h 1 , h 2 ) are associated with degrees of freedom that live inside the black hole interior H and the right pair (e 3 , e 4 ) are stored in degrees of freedom of the entangled environment E. The majorana algebra {h i , h j } = 2δ ij , {e i , e j } = 2δ ij , {h i , e j } = 0, can be represented on the Hilbert space of two qubits. The two-dimensional code subspace of the topological qubit is selected by the stability condition (1)
which projects the virtual qubit on a specified state. So Ψ indeed takes the balanced form (4) with 0,1 the binary 'Dirac fermion number' defined in (5).
The majorana qubits give an apt physical representation of the long distance quantum correlations, that carry the black hole information. The spatial separation of the majorana excitations embodies the topological protection mechanism, that ensures that local excitations at the horizon can not access or change the coherent information stored in the microscopic state of the black hole. Even for an observer with access to the real Hawking radiation, the task of capturing and decoding the state (4) of a typical entangled qubit will typically require a very long time [14] . The majorana representation naturally incorporates both these characteristics.
As explained, the topological qubit state (4) can be thought of as a bound state of a logical qubit, that carries the free black hole information, and a virtual qubit that labels the total Z 2 Dirac fermion number (−1) n12+n34 . One can think of the virtual qubit as specifying the delocalized spatial wave-function of the logical qubit. If the virtual qubit is in the ground state, the logical qubit has a smooth wave function across the horizon. If it is in the excited state, the wave function involves a discontinuity in the form of a spin flip. We refer to [1] for some further discussion of the role of these two types of qubits.
In condensed matter physics, topological protection relies on properties of the separating medium. We will not attempt to give such a microscopic description here. Rather we turn the problem around: we postulate that the topological qubits give an accurate representation of how black hole information is stored. Our task then is to reconcile this structure with semi-classical bulk physics in the zone and exterior regions. We can view this task as assembling a consistent holographic dictionary.
E. Locality and Complementarity
Consider the following set of majorana observables
These satisfy {a i , a j } = {B i , B j } = 2δ ij , and the following two special properties (see eq (5))
[a i , B j ] = 0.
We will interpret eq (6) as a holographic reconstruction map between hidden microscopic units (e i , h j ) and the 'bulk' variables (a i , B j ) used by low energy observers. Consider two observers: an infalling observer (Alice), and an observer (Bob) who stays outside the zone. Black hole complementarity [13] requires that: i) Alice should experience every black hole state |Ψ as a no drama state with a smooth horizon geometry. Moreover, her operators should be capable of creating excited states above the vacuum. Yet, according to our topological protection postulate, she should not be able to measure or alter the black hole information. ii) Bob, on the other hand, detects real Hawking particles. He has, at least for those particles that he can capture, full access and control over the active quantum information of the black hole state. iii) Alice's operators must (anti-)commute with those of Bob. This guarantees that Bob's operators preserve the local vacuum conditions at the horizon, and that Alice and Bob can not communicate by acting with their respective local observables.
Comparing these complementarity requirements with the eqs (6) and (7), we are naturally (i.e. independently from our suggestive use of notation) led to identify the a i oscillators with observables used by Alice, and the B i oscillators with the observables of Bob. The a i oscillators can only access the virtual qubit: they experience the state Ψ as a unique vacuum state. The logical qubit that stores the black hole information is hidden from Alice's view. Bob's operators B i , on the other hand, generate all Pauli operators of the logical qubit. This fits our expectations i) though iii).
Indeed, we can make the formulas (6) and (7) look a bit less abstract, by introducing the raising and lowering operators a = (a 1 + ia 2 )/ √ 2 and B = (B 1 + iB 2 )/ √ 2, which satisfy two Dirac algebras {a † , a} = {B † , B} = 1. Eq (7) then becomes a standard annihilation condition a Ψ = 0. This suggests we can assign (some of) the a, a † oscillators the physical meaning of annihilation/creation modes of an infalling Kruskal observer. Similarly, annihilation/creation operators of the outside observer are There are perhaps still a few mysterious aspects to the above identifications. Why aren't we identifying the virtual radiation mode a 1 in fig 2 as the radiation mode that eventually gets detected by an asymptotic observer? This is exactly where black hole complementarity steps in: the asymptotic and infalling observer both have a drastically different perspective on the near horizon region. So there is no reason to identify Alice's virtual modes with those seen by the asymptotic late time observer.
How can the perspective of the two observers be so disparate? Alice and Bob expand their quantum fields via different mode functions, determined by their respective local geometries. The metric is a classical mean field quantity associated to a complex quantum mechanical medium. Modes that propagate through this medium get distorted, and in a complete quantum description, the resulting Bogolyubov coefficients or gray body factors are operator valued quantities, which probe sensitive quantum information about the micro-state. Hawking evaporation involves a tunneling process from virtual to real particles: it starts with virtual pair creation, yet extracts real quantum information from the black hole. Considering these facts, it is not surprising that the transition from inside to outside the zone involves a transmutation from virtual to real qubits.
F. Time evolution
A young black hole quickly settles into a maximally mixed state with mostly short and medium range entanglement: it has not had time yet to generate long distance entanglement via Hawking emission. The black hole in-formation is all stored in hidden quantum correlations between the black interior and the zone. The evaporation process involves the gradual release and transfer of this hidden information into effective quantum field theory modes, measurable to a local low energy observer.
In our qubit description, the basic time step is visualized in the transition from fig 1 to fig 2. It depicts the rearrangement of majorana variables given in eqs (6) . We propose that this rearrangement represents the result of the Hawking tunneling process. This tunneling rate per qubit is extremely small. Hence for any given qubit, the process takes place extremely slowly. The tunneling interpretation also explains the apparent non-locality of the map (6) . Each time step releases one unit of black hole information in the form of a logical qubit, represented by Bob's majorana pair B i . Simultaneously, it isolates one virtual qubit, represented by the virtual majorana pair a i . This virtual qubit does not carry any entanglement or quantum information: it just looks like a piece of vacuum space time, that can simply decouple from the horizon. The horizon recedes and has released one balanced pair or qubits. So the black hole remains in a balanced state.
This time jump description is slightly misleading, however, since it assumes knowledge about whether a particular qubit has left the black hole or not. So secretly, the step involves a projection onto a given outcome of a measurement. This projection removes the long range entanglement between the interior and the Hawking radiation, and thereby rejuvenates the black hole state. Since this entanglement is thought to be the root of the problem, we need to be a bit less cavalier about removing it.
Let us include the entanglement with the early radiation. Consider an old black hole with entropy S bh = N log 2. The Hilbert space of its early radiation R is much bigger than that of the black hole interior H. We separately define E as the entangled environment of a young black hole with entropy S bh = N log 2. The Hilbert space of E is of the same size as that of the black hole. E is not a subsector of R, because E consists of virtual modes and hidden microscopic degrees of freedom inside the zone, while R consists of real Hawking radiation.
We have seen above that the Hawking radiation is evenly extracted from E and H. The radiation qubits in R are entangled with the real qubits of the black hole state. For an old black hole, this entanglement has reached its saturation limit. We deduce that the state of the old black hole space time takes the schematic form (c.f. [16] 
where i, i he is short-hand of a balanced basis state (c.f. eq (3)) of a young black hole, consisting of an interior H and its entangled environment E, and |Φ i r denotes a state of the early radiation. The sum runs over all 2 N physical states of the young black hole space-time. The entanglement between the combined HE region and the early radiation R saturates the B-H bound.
As a consistency check, let us show that the form of the old black hole state (9) is robust under time evolution. Let time elapse a bit. The black hole has emitted some additional Hawking particles, in a state which we denote by |n . The time evolved state then looks as follows
where i and j denote the local black hole state before and after the emission, and C i jn is the microscopically determined emission coefficient. In writing the time step (10), we used that the time evolution by means of the microscopic interaction Hamiltonian preserves the stability conditions of the virtual qubits, and thereby the balanced holography property of the local state |j, j he .
By combining the early plus late radiation into one new 'early radiation' state
we can write the final state (10) in the same form as the initial state as j |j, j he Φ j r . In this way time evolution brings the entanglement and microscopic entropy of the black hole down by one unit in each time step: the evaporation proceeds by emission of complete topological qubits from the local black hole environment HE into the radiation sector R. So the form (9) for the old black hole state is consistent with time evolution.
A time evolution equation of the general form (10) is also perfectly consistent with Page dynamics [17] . Extending the evolution rule (10) to black holes of all ages, and assuming that the coefficients C i jn are ergodic matrices, one can show that the entanglement between the balanced black hole state and the Hawking radiation follows the Page curve, as it should.
Via the formula (10) we have made direct contact with the previous paper [18] . In [18] , a detailed study was presented of a time evolution equation of the form (10), based on the assumption that the transition amplitudes C i jn are ergodic matrices. It was shown that, with use of some quantum error correction (QEC) technology, one can construct the interior QFT observables, inside of the black hole horizon, provided that the state Ψ can be restricted to lie inside a suitable code subspace of the total Hilbert space. Via our balanced holography principle, we have supplied a concrete proposed identification of this code subspace, and a physical rationale for why it is protected by the microscopic dynamics.
The accuracy of the QEC operation and reconstruction of the interior observables is set by the codimension of the code subspace within the full Hilbert space, or equivalently, by the dimension of the Hilbert space of virtual qubits. This indicates that, by combining our present results with those of [18] , the interior QFT observables and operator algebra can be reconstructed with an accuracy of order e −S bh /2 . We leave the details of this analysis for future work.
G. Conclusion
Does the old black hole state (9) have a smooth horizon? We claim that it does. In fact, the firewall problem was already solved once we were able to give a state independent definition of the operators used by an infalling observer for arbitrary balanced young black holes [1] . Since an old black hole state can be expanded in terms of balanced young black hole states, our construction of the infalling operators also works for old black hole states (9) . Linearity of quantum mechanics implies that, from nearby, age doesn't matter.
So what is the mistake in the AMPS reasoning? Why doesn't the long distance entanglement with the Hawking radiation crowd out the short distance virtual entanglement? In short, the reason is that a virtual Hawking pair is in a unique state. It can therefore not carry any black hole information, and can not be entangled with anything else. The early radiation is instead entangled with the logical qubits, the hidden microscopic correlations that carry the black hole information. This kind of entanglement between real qubits has no local physical consequences, thanks to linearity of quantum mechanics. It does not affect the virtual qubits responsible for smoothness of the horizon, and the vacuum conditions at the horizon thus remain intact.
